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Metal-coated, nanometer-size particles are modeled with a realistic distribution of coating 
thicknesses. General expressions are given for the local-field enhancement, absorption, and 
nonlinear optical response. In addition, heuristic arguments are used to determine the effects of 
a diffuse, rather than a sharp interface. The linear and nonlinear optical properties are discussed 
within the context of the effective medium theory for small volume fractions. An efficient 
method of solution is used with the flexibility to handle an arbitrary number of coatings. 
1. INTRODUCTION 
Heterogeneous materials containing semiconductor or 
metal particles of nanometer size (nanoparticles) have spe- 
cial linear optical properties that have been exploited for 
applications as filters. In particular, metal particles have an 
electromagnetic resonance effect, called the surface plas- 
mon resonance, that is relatively sharp in some materials. 
The resonance observed in these metal particles depends on 
the shape, thus the optical properties are highly anisotropic 
when the particles are nonspherical. This makes them use- 
ful as polarizers. Recently, the surface plasmon resonance 
of metal particles has shown promise as a compact polar- 
izer for integrated optics.’ 
The potential for semiconductor nanoparticles as non- 
linear materials has been examined by a large number of 
researchers2 The semiconductor particle research has been 
devoted to the effects of quantum confinement on the non- 
linear response. The carriers have altered density of states 
and there is considerable surface relaxation and inhomo- 
geneous broadening. The enhancement of the optical non- 
linearity is not expected to be large due to these effects 
though. 
The electromagnetic resonance effects can, in principle, 
greatly enhance the optical nonlinearity of dielectric parti- 
cles. A large enhancement of the conjugate reflectivity was 
observed on composites of Ag and Au.s They both have a 
strong surface plasmon resonance effect in the visible re- 
gime, and therefore, coated particles have been suggested 
as a scheme for achieving very large effects.475 The coated 
particle consists of a core and shell, each with different 
material properties; those considered include metal or 
semiconductor as the core or the shell of the coated parti- 
cle and the enhancement of the optical nonlinearity can be 
large for both cases. Intrinsic (or mirrorless) optical bista- 
bility has been predicted for these particles. However, the 
major obstacle remains the fabrication of coated particles 
on a nanometer size scale. Several methods have been in- 
vestigated with limited success thus far. 
“Permanent address: Physics Department, Rensselaer Polytechnic Insti- 
tute, Troy, NY 12180-3590. 
Expectations for the performance of coated particles 
have been based upon ideal particles: A constant core-shell 
radius ratio, a sharp interfacial region, and a spherical 
shape. These assumptions have not been examined in any 
previous articles. Whereas the nanoparticles generally have 
a spherical shape, unless the medium is specially treated, 
there is little control over the first two parameters. The 
radii have a natural dispersion due the nucleation and 
growth process, and materials have a tendency to intermix. 
In this article, we examine the optical properties of 
metal-coated semiconductor particles with a distribution of 
particle core-shell ratios. There is a realistic assessment of 
the .optical nonlinearity due to this distribution. We calcu- 
late the properties of a particle that has a CdS core and a 
silver coating; the dielectric data are used from the litera- 
ture. The interface may be diffuse, therefore, this effect is 
also discussed to some extent. The problem of obtaining 
the dielectric properties in the alloy region requires that we 
use a simplifying assumption for this case. The linear and 
nonlinear properties are analyzed together to determine 
what characteristics of the linear properties are predictive 
for large nonlinear optical effects. We introduce a proce- 
dure that can be applied to a particle consisting of many 
shells. Furthermore, although we only evaluate the nonlin- 
ear optical response for the case of a nonlinear material in 
the core, the general case is indicated in the theoretical 
development. 
II. ANALYSIS 
A. Single particles 
The particles are assumed to be spherical and have 
dimensions much smaller than the electromagnetic wave- 
length. In these circumstances, the electrostatic solutions 
are used and we need only to solve Laplace’s equation. An 
illustration of a multicoated particle is given in Fig. 1; the 
dielectric is homogeneous and isotropic in each region. Re- 
gion 1 is called the core and the outside region is denoted 
by the subscript N+ 1 and it represents the host material. 
For spherical particles, spherical coordinates (r,13) are 
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FIG. 1. A spherical, multishelled particle. The regions are consecutively 
numbered from the core region. The dielectric constants in each region 
are consecutively numbered, beginning at the center. 
used with r the radial distance and 8 the polar angle; the 
electrostatic potential in the mth region has the form 
Q,(r,O) = (A,r+ B,/?)cos 8, (1) 
where A,,, and B, are coefficients that are determined from 
the boundary conditions. When the nonlinear material is 
the core material, the solution is especially simple because 
the electric field in the core has a constant magnitude, i.e., 
B, =O. The boundary conditions applied are the continuity 
of the potential and the normal component of the displace- 
ment field. As illustrated in Fig. 1, we number the shells 
consecutively, starting with one in the core and extending 
to A’ for the outer shell, the result is 
A m+1=[(2+rlm)A,+2B,/rZ,(l--rlm)l/3, 
B m+l=~~1--71m~~~m+2~~~2+77m~~~3, (2) 
where the radius of the mth interface is r,,, and the q,,, is the 
ratio of dielectric constants 
T%I=%n~%l+l~ (3) 
For m= 1, ei is the core dielectric constant. For m=iV, the 
dielectric constant with the subscript N-i- 1, E,,,+, is the 
host dielectric constant material (see Fig. I), which we 
take as silica for this article. A simple solution is obtained 
when we use B, =0 and set A, = 1. The solution is itera- 
tively generated through the boundary conditions. The cor- 
rect normalization of the coefficients can be obtained by 
scaling the coefficients by - EdANfl, where E. is the 
magnitude of the applied field. This form of the solution is 
amenable to numerical computations. The electric field in 
each shell has a constant portion and a dipole contribution, 
which is found by taking a gradient of the potential. 
FIG. 2. The field versus wavelength and radius. This is calculated for 
O=rr/2. The outer radius of the particle is scaled to unity, the core is CdS, 
the shell is Ag and the host material is silica. The core-shell ratio is 
R=O.l. 
In Fig. 2, we plot the electric field amplitude versus the 
radial position and the wavelength for a simple particle 
with a core and one shell (i.e., N=2). In this case, simple 
analytic solutions exist. The figure shows the field profile 
when the wavelength is varied and the core-shell ratio is 
fixed at 0.7. The polar angle is chosen as r/2. As candidate 
materials we chose CdS for the core and silver for the shell. 
The shell radius has been scaled to unity; in the dipole 
approximation and in the regime where the carriers are not 
quantum confined, the absolute size of the particle is un- 
important.3-s The dielectric data for these materials was 
taken from Palik6 and a simple spline routine was used for 
interpolation.7 The optical dielectric data for silica glass 
was used for the host material. In the Fig. 2, the magnitude 
of the applied field is unity. We note that in the core region, 
the field has a constant magnitude, as discussed above. The 
enhancement of the field in the CdS is observed near the 
surface plasmon resonance and this resonance shifts as the 
core-shell ratio: R = r1/r2, is changed. The ratio of the core 
field to the applied field is the local field enhancement fac- 
tor. There should be two resonance peaks for thicker core 
particles, but the one at short wavelengths is suppressed 
due to the large absorption in CdS above the band-gap 
energy and the interband transition losses in Ag. A rem- 
nant of this resonance is observed in Fig. 2 below 400 nm. 
Figure 3 considers the case of a thin interfacial region. 
This would occur either in a diffusion process where the 
species being substituted intermix or by growth of several 
shells on a particle. We assume the former case and take 
the thickness of the interface to be 10% of the core region. 
If the interface region is an insulator, then the effect of the 
region is only to shift the resonance without broadening it. 
While electronic properties of metallic alloys have been 
modeled by a variety of approximate procedures,8 the op- 
tical properties of alloys are not well understood. Precise 
modeling of disorder in the nanoparticles would be even 
more difficult with concentration gradients, defects, and 
size effects. To qualitatively study the effects of dielectric 
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FIG. 3. The field as in Fig. 2, but with a 10% diffuse interfacial region. 
The core-shell ratio refers to the ratio of the interfacial radius between 
pure Ag and the alloy region and the outer radius of Ag. The alloy region 
extends from 0.63 to 0.7. 
loss in the alloy region, we model its dielectric constant 
with excess loss as a linear combination of the dielectric 
constants of CdS and Ag, e=x(eCdS+i2)+( 1--x)e*s; x 
varies from zero to unity in the diffuse interface region. 
The ad hoc imaginary factor of 2i was added to simulate a 
large loss due to alloy scattering. This value is more than 
twice that of silver for the entire range of frequencies stud- 
ied. This factor was expected to damp out resonance effects 
in the alloying region. As seen from Fig. 3 though, the field 
magnitude in the inter-facial region can be enormous. The 
field magnitude in the core region is depressed by about 
30%. Even so, this still corresponds to a large enhance- 
ment factor for the material. Thus, we believe that alloy 
scattering at the core-shell interface will not pose a serious 
limitation to the optical enhancement. This is further dis- 
cussed below. 
B. Optical properties 
The linear and the nonlinear properties of the coated 
particles can be derived using the results of the previous 
subsection. The complex dielectric function for the core or 
shell material can possess a nonlinear response of the 
form2*3 
Em=Emo+XyEm12. (4) 
The so-called Kerr coefficient xg’, can be complex. Higher 
order terms or saturation effects can also be included in the 
analysis, but here we restrict our discussion to the Kerr 
nonlinearity. The dipole moment of a single particle is ob- 
tained from Eq. ( 1 ), the polarizability is given by 
P=-BN+~AN+~ (5) 
The dipole responds nonlinearly to the field due to the local 
field effects in the core. These effects are computed from 
the relations given earlier for the coefficient by simply vary- 
ing them with respect to the core dielectric function. Many 
shells can be included in the calculations. The more general 
case of a nonlinearity in the mth shell is also given here for 
completeness. The variation of the polarizability in Eq. (5) 
is now with respect to the dielectric constant in that shell. 
The analytical result is 
NL- dhl BN+l ahI&+, P -- ae, - aEm 
x ( BN+ I/AN+ 1 )X:' 1 &z 1'. (6) 
The derivative of the coefficients in Eq. (6) can also be 
efficiently calculated using the iterative expressions in E!q. 
(2). In the core, m = 1, the electric field is constant; hence, 
no further averaging over the volume of the core is re- 
quired. However, in the shells, as observed in Fig. 2, the 
field can greatly vary requiring an averaging procedure 
over the volume of each shell. The volume average depends 
on the quantity that is being calculated. The average 
squared field in the mth shell, after some algebra, is given 
by 
Wm12L01= 14n12+ I%12G (7) 
where the function G depends on the inner and outer radii 
of the mth shell. In the core, B,=O, in the shells, B, can 
be large and thus give a large enhancement of the nonlin- 
earity. The analytic expression for the coefficients is 
G=2/(4+,3,,. (8) 
Figure 3 demonstrates that the field in the shells can also 
be very large. Thus, the effect of nonlinearities in the shell 
can be efficiently enhanced through the surface plasmon 
mechanism. 
C. Distribution of coatings 
The results of the above sections are applied to model 
the physical characteristics of coated particles. The particle 
sizes are empirically found to be distributed according to a 
log-normal distribution.9-‘0 This has been found to hold in 
metal and semiconductor nanoparticles grown from solu- 
tion. We apply this model to derive a distribution for the 
ratio of the core radius to the shell radius. The outer shell 
radius r,v has a distribution 
r, is related to the average radius of the particle, A is 
related to the dispersion of the particle radii, and JV 
= l/p is the normalization constant. If the shell is 
created by a substitution process, the penetration depth, d, 
can be expected to be the same for each particle. Thus, the 
core-shell ratio is related to the outer shell radius and the 
depth by the expression 
R=r,/+=(rN-d)/Q. (10) 
The polarizability can be expressed in terms of the core- 
shell ratio and according to our above model, the distribu- 
tion for this quantity is given by 
g(R)=(l-R) Lexp( --ln2[ r/R) ] /A’]. (11) 
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The absorption coefficient is obtained from the polarizabil- 
ity for the material. For a particle volume fraction denoted 
by f, the average absorption is given by 
a= (f4mdc) (Im(p) ). (12) 
The angular brackets in Eq. ( 12) denote an average over 
the distribution of core-shell ratios in Eq. ( 11) and 
Im( . * . ) is the imaginary part of the quantity in paren- 
theses. This expression assumes that the host material is 
transparent. 
The average nonlinear response in the medium is ob- 
tained from the nonlinear polarizability in Eq. (6). The 
effective Kerr coefficient is a useful measure of the size of 
the relative optical nonlinearity. It is defined by the expres- 
sion 
XJ3'=f(pNL/IAN+112)(1/X13'). (13) 
The definition of the nonlinear susceptibility is chosen so 
that, when the magnitude of this coefficient is unity, the 
composite material has a nonlinear response that is as great 
as the homogeneous nonlinear material. Equations (12) 
and ( 13) are the main results of the analysis. Numerical 
computation of the coefficients {A,,B,} and their deriva- 
tives with respect to et proceeds in a straightforward fash- 
ion. For completeness, we quote the general result for the 
effective Kerr coefficient, when the mth shell is nonlinear 
with Kerr coefficient xrn . (3) In this case, the coefficient from 
the local field squared is changed by the volume averaged 
local-field squared given by Eq. (7). The nonlinear re- 
sponse, relative to the Kerr coetfticient in the mth region is 
x13’=f(pNL((E,12)vo,/IAN+,1’)(1/Xtn3’). (14) 
The linear and nonlinear properties are linearly propor- 
tional to the volume fraction in this regime, hence, the 
magnitude of the coefficient we calculate can be simply 
scaled to other volume fractions. This approximation 
should be accurate up to about f =O.Ol. 
III. RESULTS 
The previous development can now be applied to ex- 
amine the physical properties of composites with coated 
particles. In the following we fix the volume fraction at 
0.001. We restrict our discussion here to CdS/Ag particles. 
In Figs. 4(a) and 4(b), the ideal particle case of a single 
core-shell ratio and a sharp interface is plotted. This is used 
as a reference for the following results on the physical 
systems. The absorption in Fig. 4(a) is plotted as a func- 
tion of the core-shell ratio and the wavelength. For R < 0.3, 
a sharp maximum is observed at the surface plasmon res- 
onance frequency of homogeneous silver particles. This 
maximum splits into two for larger ratios, the short wave- 
length peak does not shift by more than 25% and is sup- 
pressed, as discussed for Fig. 2, whereas the long wave- 
length peak remains strong and rapidly shifts into the 
infrared regime. 
In Fig. 4(b), the magnitude of the average nonlinear 
Kerr coefficient is plotted for this system. The Kerr coef- 
ficient vanishes for small values of R, because the shell is 
FIG. 4. The (a) absorption coefficient and (b) the average Kerr nonlin- 
earity for a medium composite of ideal particles. The quantities are plot- 
ted versus core-shell ratio and wavelength. 
assumed to be a linear medium. The coefficient peaks at a 
value near R-0.3. It has a small maximum that follows 
the maximum in the absorption coefficient. The rapid shift 
of the frequency maximum as the shell becomes thin is 
characteristic of both quantities. The nonlinearity is much 
stronger around 800 nm because it lies below the band gap 
of CdS and the silver dielectric constant is sharp in this 
region. The nonlinearity near 420 nm can be made larger 
by shifting the CdS absorption band edge with quantum 
confinement effects of the semiconductor particles. 
In Figs. S(a) and 5(b), the case of a distribution of 
core-shell ratios is considered. The width of the distribu- 
tion is chosen as A = 0.2; the distribution is discretized into 
at most 200 elements in computing the averages in Eqs. 
( 12) and ( 13). This is adequate for accurate calculations. 
In Fig. 5 (a), the absorption maximum is reduced by more 
than a factor of two for thick silver coatings and the aver- 
age core-shell ratio is used for the ratio in the figure. For 
larger R, the maxima are reduced and broadened because 
the resonant frequency is very sensitive in this region to 
small changes of the core-shell ratio. 
The maxima in the Kerr coefficient are smaller and 
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FIG. 6. Same as Figs. 4(a) and 4(b), but now for a 20% diffuse interface. 
The core-shell ratio and the wavelength is plotted. 
FIG. 5. Same as Figs. 4(a) and 4(b), but now for a distribution of 
core-shell ratios A =0.2. The average core-shell ratio is plotted along with 
the wavelength. 
much broader than in the ideal case [Fig. 5(b)]. This sen- 
sitivity is due to the higher order dependence of the non- 
linear coefficient on the local-field enhancement. In abso- 
lute magnitude, the maxima are not significantly changed, 
but since the absorption is greatly reduced, the perfor- 
mance of these materials (as measured by the ratio of the 
Kerr coefficient to the absorption) for thicker coatings is 
actually improved. The strongest nonlinear response is at 
the longer wavelengths, which are below the band gap for 
the CdS material. 
A diffuse interface has a large effect on the absorption, 
as seen in Fig. 6(a). For an interface that is 20% of the 
core radius, the maxima are small and diffuse. Here, we 
discretize the diffuse interface into 20 shells to determine 
the optical properties. The ratio axis, R, is marked by the 
position of the alloy-pure metal interface for this system, as 
previously noted in Fig. 3. The shift in the frequency is 
reduced as a function of R. The Kerr coefficient is also 
sensitive to this parameter. Its maxima have been broad- 
ened less than by the core-shell distribution, but the fre- 
quency shift of the maxima is shifted to smaller wave- 
lengths when compared to the ideal case. The changes in 
its magnitude are comparable to the effects of the core-shell 
size distribution and the resonances remain sharp despite 
the addition of a large absorption contribution in the alloy 
region. 
IV. CONCLUSIONS 
Our analysis shows that the particle core-shell ratio 
distribution smears the surface plasmon resonance struc- 
ture in the absorption coefficient. The linear absorption is 
reduced through this inhomogeneous distribution of sur- 
face plasmon resonance frequencies, but the nonlinear en- 
hancement is also reduced by this process. Generally, two 
surface plasmon resonance peaks are expected in the ab- 
sorption spectra. However, for the CdS/Ag particles, a 
double resonance is not found for the linear absorption. It 
is suppressed by the large absorption of the CdS material in 
the core. Thin shells require much more control over fluc- 
tuations in the shell thickness, because the resonance fre- 
quency rapidly changes in this case. 
The nonlinear response is not seriously degraded by 
the inhomogeneous distribution, but as for the absorption, 
it is also sensitive to these effects. Nevertheless, the mag- 
nitude of the nonlinear susceptibility can be much larger 
than the bulk value for the nonlinear response when a 
small volume fraction (i.e., 1%) is used. Already for the 
1047 J. Appl. Phys., Vol. 73, No. 3, 1 February 1993 Haus et al. 1047 
Downloaded 24 Mar 2010 to 130.34.135.83. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
0.1% used in our studies, the nonlinearity is close to the 
bulk value at resonance. However, the advantage of using 
higher volume fractions must be weighed against the in- 
crease of the absorption coefficient. 
The theoretical approach given here is amenable to 
simple numerical computations. The treatment of higher 
order nonlinear processes or multishelled particles is pos- 
sible by this method. Furthermore, the analysis can be 
extended to cover nonspherical particles, as already pre- 
sented in Ref. 5 for ideal particles by a straightforward 
analysis. The treatment of other semiconductors and met- 
als would, of course, vary the specific numerical results, 
but many qualitative features would be unchanged. 
The nucleation and growth of coated particles is a rel- 
atively new field of research. Metal coatings and semicon- 
ductor coatings have been reported by only a few groups.“’ 
The metal coated particles have the potential to combine 
the quantum confinement mechanism of semiconductor 
nanoparticles with the electromagnetic resonance from the 
metal nanoparticles. There is also a clear signature for thin 
coated particles, namely, a resonance in the absorption 
spectrum that is shifted from the surface plasmon reso- 
nance frequency of homogeneous metal particles. How- 
ever, for thick coatings, the resonance may be only broad- 
ened. Both cases are expected to have enhanced nonlinear 
optical effects of the core material. 
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